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Abstract 
The feasibility of integration of photon and neutron radiography for nondestructive detection of illicit materials was examined. 
The MCNP5 code was used to model a radiography system consisting of accelerator-based neutron and photon sources and the 
imaging detector array, with an object under scrutiny placed between them. For this examination, the objects consisted of a 
matrix of low-Z and high-Z materials of various shapes and density. Transmission-radiography computations were carried out 
using 2.5-MeV deuterium-deuterium and 14-MeV deuterium-tritium neutron sources, and a 0.3-MeV photon source. The 
radiography tallies for both neutron and photon sources were modeled for the same geometry of the system. The photon-to-
neutron transmission ratios were determined for each pixel of the detector array and utilized to identify the presence of specific 
materials in the radiographic images. By focusing on the inherent difference between neutron and photon interactions, it was 
possible to determine the shape and material composition of complex objects present within a pallet or a shipping container. The 
use of a single imaging array of scintillation detectors for simultaneous measurements of fast neutrons and photons is discussed, 
and its function in the dual neutron/photon radiography applications is addressed. 
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1. Introduction 
The goal of nondestructive testing is to analyze an object without having to destroy or acquire a sample of the 
object material in the process. This becomes particularly relevant in national security applications. The 
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nondestructive evaluation of complex objects, specifically of their shape and material composition, is crucial to 
ensuring domestic security, as discussed by Buffler and Tickner (2010) and Runkle et al. (2009). Imaging 
technologies – such as photon radiography, including dual-energy systems – are employed in harbors and airports as 
well as at border crossings; however, there is room for improvement.  
Typically, X-ray methods indicate the shape and size of the objects being examined. Although this is effective in 
finding hidden items of specific shape – such as knives, guns, or unique devices, such as bombs – it does little to 
reveal the difference between materials of similar density, making their identification difficult. Methods involving 
dual-energy photon radiography, developed and tested in the 1980s, are the most commonly used for security 
applications. These technologies are discussed by Zananiri and Speller (1990) and Duliu et al. (2007). Unfortunately, 
this method is not reliable when searching for organic-based explosives or illicit materials. When this is the case, it 
might become necessary to introduce alternative methods, such as neutron interrogation, as discussed by Liu et al. 
(2008) and Sowerby and Tickner (2007).  
2. Background  
Radiography is not a novel method of material evaluation. As pointed out by Reimers et al. (1984), it has been 
used as a non-destructive testing technique in industrial applications since the 1970s. The method is based on the 
transmission of particles from designated sources through the object in question, projected onto a detector array. 
Current techniques utilize dual-energy photon radiography, which makes use of isotopic gamma-ray sources with 
two different energies or bremsstrahlung photon sources of variable energy. Although proven effective, this method 
can be improved by using different radiation sources, rather than two similar sources with different energies. Since 
the concept of radiography is based on the ratio of transmission of particles through the object, the use of neutron 
and photon sources could allow for improved differentiation between materials as studied by Eberhardt et al. (2005). 
Utilizing two different radiation sources, it is possible to use the inherent differences in the particle interactions to 
perform the material evaluation. While photons interact with electrons, they show a higher sensitivity to high-z 
materials. Neutrons, however, interact with nuclei, making them more sensitive to low-z materials and materials 
with high neutron reaction cross-sections, such as boron. Photon transmission (TP) through a material can be found 
using the given material’s thickness (z), density (ρ), and attenuation coefficient (μ), as shown in Eq. 1:  
  zPT e PU    (1) 
Due to the interaction between neutrons and nuclei, their transmission (TN) through a given material is based on 
the cross-section of the material (Σt) and its thickness (z), as shown in Eq. 2:   
  t zNT e ¦    (2) 
By taking the ratio of the particle transmissions (ξP/N) through an object, it is possible to determine the values which 
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By substituting Eq. 1 and Eq. 2 into Eq. 3, the result can be reduced to Eq. 4. When this is done, the object 
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Fig. 1 shows the transmission ratios of a dual-energy photon source with energies of 3.0 MeV and 6.0 MeV, 
which are compared to those developed from dual neutron/photon sources with energies of 2.5 MeV and 0.2 MeV 
(see Fig. 1a) and 0.1 MeV and 0.2 MeV (see Fig. 1b). These comparisons demonstrate that even for sources with 
relatively close energies (0.1 MeV and 0.2 MeV), there is a considerably larger transmission ratio for different 
source particles than those occurring in similar sources with significantly different energies (3.0 MeV /6.0 MeV 
photon sources). While a photon/photon source will show, at most, a difference in transmission ratios of 0.5, the use 
of a neutron/photon source can show a difference of as much as 7 or 8, depending on the materials present.  
Due to the magnitude of the transmission ratios for iron and lead, Fig. 1c provides a closer look at the comparison 
of transmission ratios for polyethylene, water, and aluminum. At the reduced scale, it is possible to identify 
noticeable differences between the photon/photon and neutron/photon transmission ratios for the given energy 
schemes. The difference between the polyethylene and water transmission ratios is larger for the 0.2 MeV/0.1 MeV 
neutron/photon source combination than the 3.0 MeV/6.0 MeV photon/photon combination.  
 
              
 
 
Fig. 1. Comparison of transmission ratios between a 3.0-MeV/6.0-MeV dual-energy photon source and (a) a 0.2-MeV/2.5-MeV photon/neutron 
source and (b) a 0.2-MeV/0.1-MeV photon/neutron source; low-z materials are plotted separately for a clearer comparison (c).  
3. Computational models  
Computational studies were performed using the Monte Carlo code MCNP5. Two models were developed: one 
was an aluminum cargo container and the other was a simplified V6 engine. In each case, a monoenergetic point-
isotropic radiation source was used to produce the radiograph images for the model. Flux image radiographs for 
each source and the object model were projected onto a 200-pixel by 200-pixel detector array.  
3.1. Container  
Since the greatest concern in imaging applications focuses on identification of a vessel’s contents, an aluminum 
box containing an assortment of both benign and illicit materials was examined. Vessels are available in a variety of 
sizes and shapes, from small boxes to barrels or crates to large shipping containers. For the purposes of this study, a 
small aluminum container was modelled with dimensions of 62 cm u 62 cm u 62 cm and a wall thickness of 3 cm. 
Cells filled with lead, iron, and polyethylene were modelled inside the container, as shown in Fig. 2a.  
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Both the iron and lead cells were inserted into the model as cuboids with dimensions of 15 cm u 10 cm, having a 
thickness of 25 cm and 23 cm, respectively. The polyethylene was included as an L-shape cell, with a length of 10 
cm, a height of 19 cm, and a 5-cm thickness. The illicit material was modeled as three cylinders of uranium. Each 
cylinder had a radius of 0.5 cm and a length of 2 cm, a size similar to reactor fuel pellets. These were placed inside 
the container with various orientations and locations in order to simulate the possible presence of special nuclear 
material being smuggled through an inspection point.  
Fig. 2b shows the computational model designed for this study, including the monoenergetic point source and the 
detector grid. Simulations were run for identical configurations, varying only the source energy and type (photon or 
neutron).  
 
Fig. 2. (a) Cargo container scheme and (b) computational model of the cargo container system showing an isotropic point source and a detector 
grid. 
3.2. Engine  
The simplified V6 engine was modeled for the proof of concept. The goal was to evaluate that neutron/photon 
radiography would be feasible for a more complex geometry than the aluminum box. The external dimensions of the 
aluminum engine body were 46 cm u 66 cm u 60 cm. It had six void cylinder cells in order to mimic the cylinders 
present in a V6 engine, each with a 9-cm radius and a 29.9-cm length. An additional void cylindrical cell was 
modeled in the base of the engine, with dimensions of 8.9 cm u 58 cm. Three of these spaces were selected for 
modeling with an additional cell of water, gasoline, or polyethylene placed inside, as shown in Fig. 3a. A 4-cm by 
56-cm cylinder of gasoline was modeled within the lower void cell, and 5-cm by 15-cm cells of both water and 
polyethylene were modeled in the y-arm voids of the engine. Additional materials were added to determine how 
significant the difference in the particle transmission ratio would be for diverse combinations of materials. Fig. 3b 
shows the computational model designed for this study, including the monoenergetic point source and the detector 




Fig. 3. (a) Scheme of the engine model and (b) computational model of the engine showing an isotropic point source and a detector grid. 
In order to determine the transmission ratios that could be used to identify different materials, a FMesh card was 
used to produce a flux image radiograph for each source configuration of the models. This card produced images 
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based on the projection of particles from their source, transmitted through the object, onto a 200-pixel by 200-pixel 
detector grid. Transmission ratios were developed by taking the ratio of the photon-to-neutron particle transmission 
on a pixel-by-pixel basis for each photon/neutron pairing for the models described.  
4. Results and discussion  
4.1. Container radiography data 
Radiography tally results for each of the monoenergetic source configurations are presented in Fig. 4. Neutron 
sources were considered at energies of 0.1 MeV, 2.5 MeV, and 14 MeV, as shown in Fig. 4a, Fig. 4b and Fig. 4c, 
respectively. The photon source was selected with an energy of 0.3 MeV, as shown in Fig. 4d. Radiography tallies 
were determined based on the particle transmission from the source to the detector grid. The plots show the 
transmission between 0% (red) and 100% (blue). The 100% transmission indicates a lack of material through which 
particles are transmitted (i.e., air surrounding the object of interest). Transmission and, subsequently, transmission 
ratios only are of interest when material is present between the source and the detector array.  
Based on the results shown in Fig. 4, the ability to segregate materials is dependent both on the material and the 
source energy. Using a 0.1-MeV neutron source clearly differentiates the objects from their surroundings. The 2.5-
MeV neutron source provides greater distinction among the objects while still showing the presence of the uranium 
cells. Use of a 14.0-MeV neutron source shows an obvious difference between the polyethylene and metal blocks; 
however, the high energy of the particles fails to distinguish the tiny uranium pellets. The use of a 0.3-MeV photon 
source shows the presence of objects within the container, providing an obvious differentiation between the 
polyethylene and other materials used.  
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Fig. 4. Container radiography tally results for monoenergetic point-isotropic neutron sources of (a) 0.1-MeV, (b)  2.5-MeV, (c) 14-MeV, and (d) 
a 0.3-MeV. 
Transmission ratios were determined from the flux image radiographs in Fig. 4 on a pixel-by-pixel basis. This 
was done for photon/neutron source energy pairs of 0.3-MeV/0.1-MeV, shown in Fig. 5a; 0.3-MeV/2.5-MeV, 
shown in Fig. 5b; and 0.3-MeV/14-MeV, as presented in Fig. 5c. Due to the high energy of neutrons generated by 
the 14-MeV neutron source, there was little discrimination among the different materials. For lower neutron 
energies (0.1 MeV and 2.5 MeV) it was possible to evaluate the shapes of the objects present within the container as 
well as determine the material based on the resulting transmission ratio. For photon/neutron sources with 0.3-
MeV/0.1-MeV energies, polyethylene produced a transmission ratio between 1.4 and 1.8; the transmission ratios of 
the uranium, lead, and iron appeared between 0.8 and 1.0 and transmission ratios for the aluminum walls of the 
container were between 0.6 and 0.8. For photon/neutron sources with energies 0.3-MeV/2.5-MeV, polyethylene was 
identified by a transmission ratio of 0.75 and lead by a transmission ratio of 0.45; iron possessed transmission ratios 
within the range of 0.48 ÷ 0.51 and aluminum primarily was identified by a transmission ratio of 0.55. The uranium 
cells had transmission ratios of 0.55 ÷ 0.6. Based on these results, it appears that the use of a 0.3-MeV/2.5-MeV dual 
photon/neutron source would be the best of the three options tested with this model.  
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Fig. 5. Cargo container transmission ratios for photon/neutron sources (a) 0.3-MeV/0.1-MeV; (b) 0.3-MeV/2.5-MeV; (c) 0.3-MeV/14-MeV. 
A summary of transmission ratios for these source configurations is provided in Table 1.  
Table 1. Summary of material transmission ratios for cargo container model 
with several  source configurations. 
Material  
Transmission ratios for photon/neutron 
sources of different energies 
0.3-MeV/0.1-MeV 0.3-MeV/2.5-MeV 
Iron  0.8 - 1.0 0.48  -0.51 
Lead  0.8 - 1.0 0.45 
Uranium  0.8 - 1.0 0.55 - 0.6 
Aluminum  0.6 - 0.8 0.55 
Polyethylene  1.4 - 1.8 0.75 
 
4.2. Engine radiography data  
Results for configurations of monoenergetic point-isotopic source are presented in Fig. 6, with neutron sources 
considered at energies of 0.1 MeV, 0. 5 MeV, and 2.5 MeV; and photon sources with energies of 0.2 MeV, 0.5 
MeV, and 1.0 MeV. Radiography tallies were determined based on the particle transmission from the source to the 
detector grid. The plots show the transmission between 0% (red) and 100% (blue). Results indicate that distinct 
differences in the materials that each source can identify. Gasoline, water, and polyethylene are visible to neutrons, 
particularly those with energies of 0.5 MeV and 2.5 MeV, although it is possible to determine some indication of the 
material shapes with a 0.1 MeV neutron source. The monoenergetic photon sources reveal the presence of voids in 
the material, especially those regions where the aluminum engine body is thinnest. At the highest photon energy (1.0 
MeV), it was possible to see some differentiation between water and polyethylene cylinders and the aluminum 
surrounding them; however, the main emphasis remains on highlighting locations where there is less material.  
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Fig. 6. Engine particle transmissions for monoenergetic point-isotropic sources: (a) 0.1 MeV neutrons; (b) 0.5 MeV neutrons; (c) 2.5 MeV 
neutrons; (d) 0.2 MeV photons; (e) 0.5 MeV photons; (f) 1 MeV photons. 
The transmission ratios for the engine model were developed on a pixel-by-pixel basis from the radiograph data. 
Based on the results, the clearest transmission ratios were produced by a photon/neutron source with a 0.5-MeV/0.5-
MeV energy configuration. Reasonable differences could be determined using photon/neutron energy combinations 
of 0.2-MeV/0.5-MeV, 0.5-MeV/0.1-MeV, 0.5-MeV/2.5-MeV, and 1.0-MeV/0.5-MeV. Visual inspection of the 
resulting transmission-ratio data, shown in Fig. 7a-d, indicate that lower energy configurations provide greater 
differentiation between materials. Even so, using photon/neutron sources of 0.5 MeV each does provide a better 
distinction between each of the additional cells. However, this set of energies does not differentiate the aluminum 
body from the air.  
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Fig. 7. Engine model: transmission ratios for photon/neutron sources (a) 0.5-MeV/0.5-MeV; (b) 0.2-MeV/0.5-MeV; (c) 0.5-MeV/0.1-MeV; (d) 
0.5-MeV/2.5-MeV; (e) 1.0-MeV/0.5-MeV. 
Further analysis indicates that the use of a photon/neutron source configuration with energies 0.5-MeV/0.1-MeV 
provides the greatest distinction, as summarized in Table 2.  
Table 2. Summary of material transmission ratios for the engine model using several source 
configurations. 
Material 
Transmission ratios for photon/neutron sources of different energies 
0.5-MeV/0.1-MeV 0.5-MeV/0.5-MeV 0.5-MeV/2.5-MeV 
Water  2.5-3.5 1.5-2.5 1.0-1.5 
Gasoline  7.0-8.0 1.5-2.5 1.5-1.8 
Aluminum  0.5-2.0 0.0-1.5 0.5-1.0 
Polyethylene  2.0-3.0 1.5-2.5 1.0-1.5 
 
5. Conclusion  
The goal of this study was to determine the feasibility of the dual radiation technique for use in imaging 
applications. Computational studies of the dual photon/neutron imaging technique were carried out using the 
radiography tally available in the MCNP5 computer code. Several source configurations were modeled using 
isotropic point sources with mono-energetic energies. Based on the results it was possible to determine unique 
photon/neutron transmission ratios for use in identifying materials. These ratios were found to be dependent on the 
source configuration, by changing the radiation type (neutron or photon) and the source energy, it is possible to 
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identify a difference in the transmission ratios. This difference is not surprising, and can be corrected for by 
calibrating the detection system for the specific source configuration it uses. Based on these studies, the dual source 
radiography technique is feasible for security applications. 
6. Future Work 
Future work will focus on further development and refining of this technique. Additional studies are necessary to 
determine the accuracy of the dual radiation method in comparison with that of the dual photon method. The impact 
of similar densities and cross-sections is should also be examined to determine how effective and reliable the dual 
radiation method is in practice. Since the goal of this technique was to develop an imaging technique for detection of 
illicit materials it will also be necessary to determine how susceptible the system may be to confusion of materials or 
transmission ratio drifting.  
While several photon/neutron energy combinations were considered here, optimization of the method will require 
the consideration of a wider-range of both photon and neutron energies. Source strength will also be relevant in 
determining the size of objects, and 
Experimental verification of the work presented in this paper is also planned. Accelerator systems similar to those 
currently used in industrial and security applications are available for use, and the development of a dual 
neutron/photon radiation detector array currently is underway.  
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